Abstract The p38 mitogen-activated protein kinase PMK-1 of Caenorhabditis elegans has been associated with heavy metal, oxidative and pathogen stress. Pmk-1 is part of an operon comprising three p38 homologues, with pmk-1 expression suggested to be regulated by the operon promoter. There are contradictory reports about the cellular localization of PMK-1. We were interested to study principles of pmk-1 expression and to analyze the role of PMK-1 under heat stress. Using a translational GFP reporter, we found pmk-1 expression to be driven by a promoter in front of pmk-1. PMK-1 was detected in intestinal cells and neurons, with a cytoplasmic localization at moderate temperature. Increasing temperature above 32°C, however, induced a nuclear translocation of PMK-1 as well as PMK-1 accumulation near to apical membranes. Testing survival rates revealed 34-35°C as critical temperature range, where short-term survival severely decreased. Mutants of the PMK-1 pathway (pmk-1Δ, sek-1Δ, mek-1Δ) as well as a mutant of JNK pathway (jnk-1Δ) showed significantly lower survival rates than wild-type or mutants of other pathways (kgb-1Δ, daf-2Δ). Rescue and overexpression experiments verified the negative effects of pmk-1Δ on heat tolerance. Studying gene expression by RNA-seq and semiquantitative reverse transcriptase polymerase chain reaction revealed positive effects of the PMK-1 pathway on the expression of genes for chaperones, protein biosynthesis, protein degradation, and other functional categories. Thus, the PMK-1 pathway is involved in the heat stress responses of C. elegans, possibly by a PMK-1-mediated activation of the transcription factor SKN-1 and/or an indirect or direct PMK-1-dependent activation (hyperphosphorylation) of heat-shock factor 1.
Introduction
Heat is one of the most common stressors for organisms. The deleterious effects for cells include protein aggregation and denaturation, DNA and RNA damage, changes in the fluidity and permeability of membranes, or the formation of reactive oxygen species (ROS) (reviewed in Richter et al. 2010) . Organisms meet this challenge by activating a conserved stress response, the heat-shock response. Chaperones are expressed to protect and stabilize proteins and to repair protein damage (GuhaThakurta et al. 2002) . Chaperone expression is mediated by the heat-shock factor (HSF-1), which trimerizes upon stress and positively regulates the expression of heat-shock proteins (HSPs) (Morimoto 1998) . HSPs need cofactors such as J-proteins, which stimulate the ATPase activity of HSP70 (Laufen et al. 1999 ) and bind unfolded proteins to prevent potentially toxic aggregations (Hageman et al. 2010) . The heat-shock response also comprises the expression of membrane-modifying proteins to reduce membrane fluidity (Welker et al. 2010) or the synthesis of antioxidant enzymes (e.g., superoxide dismutase (SOD)) to detoxify ROS (Hsu et al. 2003) . Moreover, the proteolytic system increases its activity to maintain cellular proteostasis (Parag et al. 1987) . To control all these processes, appropriate signal processing is necessary.
In Caenorhabditis elegans, several signaling cascades are involved in the response to abiotic stressors. The insulin-like (DAF-2) signaling pathway, for instance, mediates the stress-induced translocation of the transcription factor DAF-16 to the nucleus, which drives the expression of several stress proteins leading to an increased stress resistance and elevated lifespan (Kenyon et al. 1993; Lithgow et al. 1994; Murphy et al. 2003) . Moreover, mitogen-activated protein kinases (MAPKs) such as the p38, JNK (and JNKlike KGB), or ERK MAPKs are conserved signaling proteins, which fulfill various functions (Sakaguchi et al. 2004) . MAPK pathways are composed of MAPK kinase kinases (MAP3Ks), MAPK kinases (MAP2Ks), and MAPKs. PMK-1, which is a C. elegans p38 MAPK homologue, and the PMK-1 pathway were first described by Berman et al. (2001) . They showed that pmk-1 is part of an operon comprising three homologues of mammalian p38 MAPK. They suggested pmk-1 expression to be transcriptionally regulated by an operon promoter upstream of pmk-3. This leads to the question why the gene for the most functional protein lies downstream of two less important p38 MAPK homologues. A further question is how PMK-1 signal transduction can be performed (e.g., activation of the downstream target SKN-1; see below), when PMK-1 is localized either in cell nuclei (Berman et al. 2001) or in the cytoplasm (Bolz et al. 2010 ). Inactive SKN-1, for instance, is constitutively localized in the cytoplasm and shows nuclear translocation only upon its activation by PMK-1. An important role of PMK-1 for neuronal development (Sagasti et al. 2001 ) and several cellular stress responses has been well established. PMK-1 mediates the response to oxidative stress via the Nrf2-like transcription factor SKN-1 ) and regulates germline apoptosis in response to heavy metals such as cadmium (Wang et al. 2008) . PMK-1 also participates in stress responses to biotic stressors. Pathogen stress due to different bacteria such as Psuedomonas aeruginosa or Yersinia pestis induces the expression of immunity genes (Kim et al. 2002; Troemel et al. 2006; Bolz et al. 2010) , which is mediated by the bZIP transcription factor ATF-7 in a PMK-1-dependent manner (Shivers et al. 2010) .
We were interested to study principles of pmk-1 expression and to analyze the role of the PMK-1 pathway under heat stress. We studied PMK-1 expression using a GFP reporter construct and found pmk-1 expression to be driven by an internal promoter in front of pmk-1. We verified the cytoplasmic localization of PMK-1::GFP at moderate temperature but detected PMK-1 nuclear translocations under heat stress. Survival assays revealed a higher mortality of mutants of the PMK-1 pathway under heat stress. Studying the heat-shock response of C. elegans by RNA-seq and semi-quantitative reverse transcriptase polymerase chain reaction (sqRT-PCR) revealed positive effects of the PMK-1 pathway on chaperone expression, protein biosynthesis, or proteasomal activity. The data indicate a possible connection between nuclear PMK-1 and HSF-1 activation by hyperphosphorylation of its serine residues.
Materials and methods
Wild-type and mutant strains C. elegans N2 (Bristol variety), the deletion mutants (Δ) KU25 pmk-1 (km25) IV, KB3 kgb-1 (um3) IV, VC8 jnk-1 (gk7) IV, KU4 sek-1 (km4) X, FK171 mek-1 (ks54) X, and CB1370 daf-2 (e1370) III were obtained from the Caenorhabditis Genetics Center (http://www.cbs.umn.edu/CGC/). Worms were maintained at 20°C on NGM with Escherichia coli OP50 as food source. According to German law, experiments carried out on the invertebrate C. elegans do not have to be announced or approved.
Transgenic strains
The pmk-1::gfp plasmid was constructed by fusion of the GFP coding sequence to 2.652 kbp upstream of the pmk-1 translational start codon (ATG) and the genomic pmk-1 locus excluding its stop codon. pmk-1 promoter and pmk-1 were amplified from N2 genomic DNA by polymerase chain reaction (PCR) (Phusion® DNA-polymerase; Finnzymes, Vantaa, Finland; primer forward: 5′-CCTCTA GAAACTTGAAGATCGTTAGAATGC-3′, primer reverse: 5′-TACCCGGGCGATTCCATTTTCTCCTCA-3′). The PCR product was checked by sequencing, and the associated XBA-I/SMA-1 fragment was inserted into pPD95.79 (Andrew Fire, Stanford, USA). Furthermore, a pmk-1 rescue strain was constructed by amplifying the same genomic region as in case of pmk-1::gfp by PCR, with the reverse primer including now the pmk-1 stop codon and both primers carrying no restriction sites (Phusion® DNApolymerase; primer forward: 5′-CTTGAAGATCGTTA GAATGC-3′, primer reverse: 5′-CTACGATTCCA TTTTCTCCT-3′). The PCR product was cloned into pJET1.2/blunt Cloning Vector (Fermentas, St. Leon-Rot, Germany) and checked by sequencing. The reporter strain pmk-1::gfp and the pmk-1 rescue strain were generated by injecting the corresponding plasmid at a concentration of 50 ngμL −1 along with the plasmid pRF4 (100 ngμL −1 ; Mello et al. 1991) , which carried the co-injection marker rol-6(su1006) (Kramer et al. 1990 ), into either WT (pmk-1:: gfp) or pmk-1Δ (pmk-1 rescue).
RNA interference
For RNA interference (gene knockdown), double-stranded RNA was applied by feeding the E. 
Survival assays
All survival assays were carried out with synchronized young-adult worms derived from hypochlorite treatment (Stiernagle 2006) . For heat-stress incubations, ten worms were transferred to NGM plates inoculated with the corresponding bacterial food source (OP50 or RNAistrains), and the plates were put, within sealed plastic bags, into a thermostat-controlled (±0.1°C) water bath set to the indicated temperature. Survival after incubation was tested by applying gentle touch stimuli with a worm pick, and worms that did not respond were scored as dead. For testing survival over time, dead worms were determined after each hour of heat incubation whereas, for endpoint analyses, dead worms were scored after 5 h of heat incubation. 
RNA-Seq
Approximately 500 synchronized young-adult worms (wildtype and pmk-1Δ) were incubated on 90 mm NGM plates for 5 h at 34°C in a thermostat-controlled water bath (per strain, two plates with animals from independent experiments). After incubation, animals were washed off the plates with sterile water. After washing them two times with 1 ml sterile water to get rid of feeding bacteria and adding RNAiso-G (Segenetic, Borken, Germany), they were frozen in liquid nitrogen. After thermal disruption of worms (liquid nitrogen, 35°C; three repetitions), chloroform extraction on ice (10 min), and centrifugation (12,000×g, 4°C, 15 min), DNA was digested and RNA purified with a RNase-free DNase set and RNeasy® mini kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. In addition, several provisions were made to work under RNasefree conditions. Quality control was carried out with an Agilent Bioanalyzer® (Agilent Technologies, Böblingen, Germany). After adding the samples to RNAstable TM matrix (Biomatrica, San Diego, CA, USA) and a subsequent vacuum centrifugation for drying (2 h), samples were sent to the Beijing Genomics Institute (BGI). RNA-Seq analysis was carried out, after a final Agilent Bioanalyzer® quality check after shipment, by BGI using Illumina HiSeq2000 technology. Briefly, mRNA was purified using oligo-(dT)-magnetic beads, and first-and second-strand cDNA-synthesis was carried out using random hexamer primers. Samples were ligated with sequencing adaptors and sequenced with Illumina HiSeq2000 with a minimum 10 Megareads per sample and a sequencing quality of more than 98 % clean reads. Sequences were mapped to Wormbase release WS223, and differential gene expression was calculated with the RPKM method (reads per kilobase per million reads) out of the number of reads for one gene, the transcript length, and the overall number of reads in the sample (Mortazavi et al. 2008 ). Pvalues of differentially expressed genes (DEGs) were determined referring to Audic and Claverie (1997) , and the false discovery rate (FDR) was used to determine the threshold of P for DEGs. We took an FDR<0.001 as threshold for differentially expressed genes. Raw data are available from GEO (NCBI) under accession number GSE41205.
Semi-quantitative RT-PCR
Approximately 500 synchronized young-adult worms of wildtype, pmk-1Δ, sek-1Δ or mek-1Δ, were incubated on 90 mm NGM plates for 15 or 60 min at 35°C (heat-shock (HS)) in a thermostat-controlled water bath (see above). After HS, they were incubated at 20°C. At different times of incubation, worms were washed off from three to four NGM plates with sterile water and cleaned several times with sterile water to exclude bacteria. RNA was isolated using RNA-Iso-G (Segenetic, Borken, Germany). After reverse transcription of 1 μg total RNA per sample using oligo (dT) 18 primers (First Strand cDNA Synthesis Kit; Fermentas, St. Leon-Rot, Germany), 1 μl cDNA was used as template for semi-quantitative reverse transcriptase polymerase chain reaction (RT-PCR). Using cdc-42 as housekeeping gene (Hoogewijs et al. 2008 ) (primers: 5′-ATGCAGACGATCAA GTGCG-3′, 5′-TTCAGTCCCTTCTGCGTCA-3′; reaction-30 s at 94°C, 45 s at 53°C, 35 s at 72°C; 28 cycles), the relative expression levels of hsp-1 (primers: 
DEG functional classification
For KOG (eukaryotic orthologues groups) classification, WormMart (Wormbase release WS220bugFix) was used to assign COG codes of functional categories (http:// www.ncbi.nlm.nih.gov/COG/grace/fiew.cgi) to C. elegans genes. In this way, 830 from 1581 upregulated DEGs and 1,609 from 2,229 downregulated DEGs received a COG code. For gene-GO (Gene Ontology) term enrichment analysis, the functional annotation chart generated by the Database for Annotation, Visualization, and Integrated Discovery (DAVID 6.7, http://david.abcc.ncifcrf.gov/) was used to determine selected stress-related DEGs (Huang et al. 2009a, b) .
Statistics
Data are given as means±standard deviation (SD) or means± standard error of the mean (SEM) with n indicating the number of analyzed plates. Lifespan was determined with the KaplanMeier estimator, and statistical significances were checked using the logrank test. The ttests were applied to test for differences between control and/or test conditions (survival experiments), and two-way analysis of variance (ANOVA) with a subsequent multiple-comparison procedure (Student-Newman-Keuls method) was used to test for differences in hsp mRNA levels over time. In case of gene-GO term enrichment analysis, Fisher's exact test and EASE Score (modified Fisher's exact test) were used (Pvalue≤0.05; DAVID 6.7). Chisquare analyses were used to test for the enrichment of DEGs within a gene family or group (Fig. 7, Table 2 ). SigmaPlot 11.0 (Systat Software, Erkrath, Germany) was used for graph preparations and other statistical analyses.
Results

Survival under heat stress
Heat tolerance was tested in wild-type (WT), MAPK deletion mutants (pmk-1Δ, jnk-1Δ, kgb-1Δ) and in a mutant of the insulin-like receptor DAF-2 (daf-2Δ) by scoring every hour for survival at 35°C over a period of 8 h. The KGB-1 (kinase, GLH-binding 1) pathway seems not to be involved in heat tolerance, since there was only a minor difference in survival between WT and kgb-1Δ (Fig. 1a) . The significant reductions in survival of pmk-1Δ and jnk-1Δ in comparison to WT, however, show a yet not described role of the PMK-1 pathway for the heat tolerance of C. elegans, aside from the already known contribution of the JNK-1 pathway to this physiological property (Wolf et al. 2008 ). The daf-2 mutant (Fig. 1b) exhibited its well-known resistance to heat (Lithgow et al. 1994) . To assess the critical temperature, WT, pmk-1Δ, and deletion mutants of the two MAP2Ks WT and a daf-2 mutant at 35°C (means±SEM, n03 test groups with 50 worms each). In comparison to WT, pmk-1Δ and jnk-1Δ showed a significant decrease, and daf-2Δ a significant increase in survival under heat stress (p<0.05) upstream of PMK-1 (sek-1Δ, mek-1Δ) were exposed for 5 h to either 34°C or 35°C. The survival rate decreased significantly between 34°C and 35°C (Fig. 2a, b) showing this temperature range to be close to the critical (transition) temperature between survival and mortality. Heat stress affected sek-1Δ and partly mek-1Δ even more negatively than pmk-1Δ. RNA interference (RNAi) against pmk-1, sek-1, and mek-1 also showed that PMK-1 and SEK-1 are involved in heat tolerance mechanisms (Fig. 2c) , even when pmk-1-or sek-1-RNAi reduced survival not as much as pmk-1 or sek-1 mutation. The latter effect may have been due to a less effective downregulation of gene expression by RNAi and/or the application of different feeding bacteria (HT115 vs. OP50), with the different survival rates of WT (Fig. 2b, c) favoring the second alternative. Knockdown (RNAi) of the downstream transcription factor SKN-1 of PMK-1 (WT, skn-1 RNAi ) also reduced the heat tolerance of C. elegans. In a further experimental series, the heat tolerance of a pmk-1 rescue strain as well as that of pmk-1::gfp, which carries additional extrachromosomal copies of the pmk-1 gene, was tested together with the tolerance of WT and pmk-1Δ to heat (Fig. 2d ). Both strains, pmk-1 rescue and pmk-1::gfp, showed a better survival than pmk-1Δ and even WT.
PMK-1 expression and localization
To study pmk-1 expression in light of the operon structure of the three p38 homologues of C. elegans (pmk-3, pmk-2, and pmk-1), which have been reported to be controlled by an operon promoter upstream of pmk-3, we generated a pmk-1:: gfp carrying transgenic strain, with 2,652 bp upstream of the pmk-1 translational start codon as promoter sequence (Fig. 3a) , and the pmk-1 genomic sequence fused to the sequence for GFP. Alignment with ClustalW2 of this promoter sequence and the sequence of the operon promoter revealed high sequence identity (pairwise score, 66 %). The transgenic strain exhibited pmk-1::gfp expression in the cytoplasm of anterior and posterior intestinal cells as well as in some neurons of the head region (Fig. 3b) , which proves the presence of an internal promoter for pmk-1. Applying heat stress (35°C, 5 h) to the transgenic strain caused PMK-1::GFP to translocate into the cell nuclei of anterior and posterior intestinal cells as well as to accumulate near to their apical membranes, which indicates both a nuclear and cytoplasmic function of PMK-1 (Fig. 3c) . Testing the nuclear translocation of PMK-1::GFP revealed an increase in nuclear localization between 32°C and 34°C (Fig. 4) , which indicates a role of nuclear PMK-1 for the heat stress response of C. elegans.
HSP expression
To further elucidate the heat stress response of C. elegans, we studied the expression of genes for HSPs as an obvious heat tolerance mechanism. The expression of one constitutive HSP70 (hsp-1; F26D10.3), two inducible HSP70s (C12C8.1 and F44E5.5), and one small heat-shock protein (hsp-16.2; Y46H3A.3) was monitored in WT, pmk-1Δ, sek-1Δ, and mek-1Δ over a period of 4 h after a heat shock (HS; 35°C) of 15 min and/or 60 min duration. The hsp-1 mRNA level showed a tendency to lower values in pmk-1Δ than in WT after a heat shock of 15 min and significantly lower values after a heat shock of 60 min duration ( Fig. 5a, b ; Table 1 ). The hsp-16.2 mRNA level was lower in sek-1Δ and mek-1Δ (but not in pmk-1Δ, Table 1 ) than in WT after a HS of 60-min duration ( Fig. 5c, d ; Table 1 ). The inducible hsp70 mRNAs were either lower expressed in sek-1Δ and mek-1Δ (but not in pmk-1Δ) than in WT after a HS of 60-min duration (gene F44E5.5) or were not affected by mutations in the PMK-1 pathway (gene C12C8.1) ( Table 1) .
RNA-seq
To get a comprehensive view of gene expression under heat stress in WT and pmk-1Δ, we carried out RNA-seq a, b hsp-1 The p38 MAPK PMK-1 affects the heat tolerance of C. elegansanalyses. To avoid higher shares of dead worms in the mRNA preparation, we incubated WT and pmk-1Δ for 5 h at 34°C, at which condition survival was not much impeded ( Fig. 2a ) but at which a nuclear translocation of PMK-1 was detected (Fig. 4) . When applying a threshold for the FDR of below 0.001, 3,810 DEGs were detected, of which 1,581 genes were upregulated and 2,229 genes downregulated in pmk-1Δ. The functional classification of DEGs according to KOG categories revealed in pmk-1Δ an upregulation of 830 genes, which were mainly related to signal transduction mechanisms, extracellular structures, and metabolism, whereas the 1,609 classified downregulated genes were especially found in the categories translation, RNA processing, transcription, replication and DNA repair, chromatin structure, cell cycle control, intracellular trafficking, as well as protein turnover and chaperones (Fig. 6 ). Screening the DEGs for hsp expression revealed hsp-1 mRNA slightly downregulated (log 2 ratio, −0.13) and hsp-16.2 mRNA upregulated (log 2 ratio, 0.85) in the pmk-1 mutant in comparison to WT (Fig. 6a) . The mRNA level for the two inducible HSP70s (F44E5.5, C12C8.1) was not different in WT and pmk-1Δ. However, when comparing these data with the results from sqRT-PCR (Fig. 5, Table 1 ), the different experimental conditions have to be considered (34°C for 5 h versus 35°C for 15 or 60 min, followed by a 4-h measuring period at 20°C). Nevertheless, there were negative effects of pmk-1 mutation on the expression of hsp-1, hsp-60, chn-1, a putative hsp-90 (R151.7), as well as genes (dnj, cct) for several members of the DnaJ domain protein and chaperonin-containing TCP-1 families ( Fig. 7 ; Table 3 ). Comparing the target genes of the transcription factor DAF-16 of the DAF-2 pathway McElwee et al. 2003; Iser et al. 2011) with our data showed a significant contribution of DAF-16 target genes to the DEGs for pmk-1Δ heat /WT heat (Table 2) . Performing a gene-GO term enrichment analysis for selected functional categories, which were suggested to cover stress-related genes (Kültz 2003 (Kültz , 2005 , revealed for pmk-1Δ a significant enrichment (P<0.05) of downregulated DEGs in the GO terms cell cycle, DNA repair/chromatin stability, molecular chaperones, protein degradation, and translation/protein biosynthesis. DEGs upregulated in pmk-1Δ were more frequently found in the GO category aging, which contains many DAF-16 target genes, and smaller numbers of DEGs were assigned to the categories response to heat or oxidative stress (mainly DAF-16-dependent small heat-shock proteins and several genes related to glutathione metabolism) ( Table 4) .
Discussion
This study has revealed a significant contribution of the PMK-1 pathway (SEK-1 and MEK-1, PMK-1, SKN-1) to the heat tolerance of C. elegans ( Figs. 1 and 2 ). Experiments with a pmk-1 rescue strain verified the negative effect of pmk-1 mutation on the heat tolerance of C. elegans (Fig. 2d) . The higher survival rates of heat-stressed pmk-1 rescue (construct in pmk-1Δ) or pmk-1::gfp (construct in WT) than heat-stressed WT was likely due to pmk-1 Fig. 6 Number of up-or downregulated DEGs (pmk-1Δ heat /WT heat ) within functional categories (KOG) overexpression, since transgenic animals usually carry a surplus of injected constructs and genes (Evans 2006) . Thus, there are three signaling pathways, the DAF-2 (Henderson and Johnson 2001), JNK-1 (Wolf et al. 2008) , and PMK-1 pathways, which are involved in the heat-stress response of C. elegans (Fig. 1) . The lower survival rate of sek-1Δ (or WT, sek-1 RNAi ) than mek-1Δ (or WT, mek-1 RNAi ) under heat stress (Fig. 2b, c) supports previous reports on a dominance of SEK-1 over MEK-1 for the activation of PMK-1 (Tanaka-Hino et al. 2002; Kim et al. 2002) . Nevertheless, MEK-1 also contributed to the activation of this MAPK, because heat tolerance was negatively affected by both pmk-1Δ and mek-1Δ ( Fig. 2b ; cf. Mizuno et al. 2004 ). Since SEK-1 also promotes DAF-16 nuclear translocation (Kondo et al. 2005 ) and DAF-16-dependent gene expression (Lin et al. 2001; Henderson and Johnson 2001) , a lack of expressed DAF-16-dependent stress genes (e.g., hsp-16.2) in sek-1Δ (Fig. 5c ) may have contributed to the very low survival rate of this mutant under heat stress (Fig. 2a, b) . Maybe, the lower survival rate of mek-1Δ than pmk-1Δ at 34°C (Fig. 2a) is also linked to DAF-2 signaling. Since skn-1-RNAi also lowered the heat tolerance of C. elegans (Fig. 2c) , the negative effects of pmk-1Δ on heat tolerance could be (at least partly) due to an absent activation of the transcription factor SKN-1, which is phosphorylated by PMK-1 and other kinases under oxidative stress An et al. 2005) . In addition to this mechanism, PMK-1 seems to be directly involved in heat-stress responses, because heat caused the yet not reported nuclear translocation of a p38 MAPK (PMK-1::GFP) in C. elegans (Figs. 3c and 4) . Only in case of an external control of pmk-1 expression (intestine-specific vha-6 promoter) have cytoplasmic and nuclear localizations of PMK-1 been hitherto shown (Bolz et al. 2010) . In mammals, however, a nuclear translocation of p38 MAPK has already been reported (Raingeaud et al. 1995; Wood et al. 2009 ). Moreover, the observed expression of pmk-1::gfp (Fig. 3b) , which evidently carried an internal promoter but not the operon promoter (Fig. 3a) , represents another example of operon gene control in C. elegans by both operon and internal promoters (Huang et al. 2007 ), as a previous study has already reported pmk gene control by the operon promoter (Berman et al. 2001) . Aside from the nuclear Fig. 7 Differentially expressed genes (DEGs) for chaperones. Log2-fold changes of DEGs (pmk-1Δ heat /WT heat ) coding for a heat-shock proteins, b DnaJ proteins, and c members of the chaperonin-containing TCP-1 family. Asterisks and bars indicate significant enrichment of DEGs within a gene family (p<0.001) Murphy et al. (2003) b McElwee et al. (2003) c Iser et al. (2011) *p<0.001, indicating significant enrichment
The p38 MAPK PMK-1 affects the heat tolerance of C. eleganstranslocation of PMK-1 in intestinal cells, there was also an accumulation of PMK-1::GFP near to the apical membranes of intestinal cells, suggesting an additional site-specific, but yet unknown cytoplasmic function of PMK-1. Concerning nuclear PMK-1 functions, there was, in a small range of increasing temperatures, a marked decrease in survival rate of WT and several mutants (34-35°C; Fig. 2a, b) and an increase in PMK-1 nuclear translocation in the transgenic strain (32-34°C; Fig. 4) , which, however, showed a better survival rate than WT at 35°C due to pmk-1 overexpression (Fig. 2d) . Thus, the (not detectable) nuclear translocation of PMK-1 in WT may be shifted toward a lower temperature Bold figures are total numbers of motifs. Gray areas indicate detected HSE and HSAS motifs in case of downregulated cct, dnj, and hsp genes range in comparison to the transgenic strain, but, nevertheless, a link exists between PMK-1 nuclear translocation, heat stress, and heat-stress responses. Studying the expression of genes for heat-shock proteins after heat stress (15-min or 60-min HS, 35°C) by sqRT-PCR revealed downregulated mRNA levels in case of constitutive hsp70 (hsp-1) for pmk-1Δ as well as inducible hsp70 (F44E5.5) and hsp-16.2 for sek-1Δ and mek-1Δ (Fig. 5 , Table 1 ). RNA-seq analyses of DEGs under heat stress (5 h, 34°) revealed a downregulated expression of chaperone genes such as hsp-1, hsp-60, chn-1, hsp-90 (R151.7), 12 DNaJ domain (dnj) genes, and six chaperonin-containing TCP-1 (cct) genes in pmk-1Δ in comparison to WT (Fig. 7 , Table 3 ). DnaJ proteins are cofactors of HSP70, which stimulate the ATPase cycle of HSP70 and promote the binding and delivery of HSP70 client proteins (reviewed in Richter et al. 2010) . They were also suggested to prevent an aggregation of partially denatured or misfolded proteins (Hageman et al. 2010) . Chaperonin-containing TCP-1 proteins are thought to be involved in the correct folding of the cytoskeleton components actin and tubulin (reviewed in Frydman 2001) and also to fulfill chaperone function for other cytoplasmic proteins (Kubota 2002) . In consequence, there is a connection between the PMK-1 pathway and the expression of genes for chaperones (heatshock proteins), with the downregulated expression of these genes in pmk-1Δ (or sek-1Δ and mek-1Δ) likely being a major reason for the reduced survival of the mutants of the PMK-1 pathway near to the thermal limit of C. elegans (around 34-35°C). The mechanisms by which PMK-1 affects chaperone expression may include cytoplasmic or nuclear interactions between PMK-1 and the transcription factors SKN-1 Inoue et al. 2005) or ATF-7 (Shivers et al. 2010) as well as an independent nuclear function of PMK-1 after translocation. SKN-1 is localized in its inactive state in the cytoplasm and translocates into the nucleus after its phosphorylation by cytoplasmic PMK-1. ATF-7 is located in the nucleus, functions as transcriptional repressor, and is switched to an activator of transcription (deactivation of its repressive action) after its phosphorylation by nuclear pmk-1 (Shivers et al. 2010 ). In addition, nuclear PMK-1 may further promote SKN-1-mediated gene expression by preventing the return of non-phosphorylated SKN-1 to the cytoplasm. Anyway, the increasing nuclear localization of PMK-1 with increasing temperature (Fig. 4) supports the idea of an important nuclear function of PMK-1.
To further elucidate the mechanisms by which PMK-1 affects heat tolerance, we checked for specific binding motifs for the transcription factors SKN-1, HSF-1, and DAF-16 (binding motifs for ATF-7 are yet not known) in promoters (1 kbp upstream of translational start codons) of the up-or downregulated chaperone genes (Table 3) . Surprisingly, we only found 11 SKN-1 and eight DAF-16 (DBE, DAE) motifs in promoters of the 22 downregulated chaperone genes (upregulated chaperone genes will be discussed later), but 35 HSF-1 (HSE, HSAS) motifs, particularly in front of the cct genes. The data (Table 3) suggest firstly alternative (i.e., gene control of a chaperone family by different transcription factors), but also redundant (i.e., gene control of a chaperone by different transcription factors) activation modes for chaperone gene expression and secondly, possible indirect or direct effects of (nuclear) PMK-1 on HSF-1 function. Stress activation of mammalian HSF1 requires its hyperphosphorylation at serine residues (12 serine residues for heat-activated human HSF1; Guettouche et al. 2005) . MAPKs phosphorylate serine residues, which are immediately followed by a proline residue (Ser-Pro) (Sheridan et al. 2008) . Four of the hyperphosphorylated serine residues of HSF1 belong to this sequence type (Fig. 8) , including Ser326 that contributed significantly to HSF1 activation (Guettouche et al. 2005) . MAPKs show some additional preference for sequences, which include a proline or another aliphatic residue at the −2 position (Pro-X-Ser-Pro, with X indicating any residue) (Sheridan et al. 2008 ), but serine residues in this sequence type were not hyperphosphorylated (Fig. 8) . The comparison of human and worm heat-shock factors revealed quite a high number of Ser-Pro sequences in both proteins (human HSF1, 9 SerPro pairs; C. elegans HSF-1, 6 Ser-Pro pairs) as well as four Pro-X-Ser-Pro sequences in HSF1 and only one in C. elegans HSF-1 (Fig. 8) . Thus, it is possible that hyperphosphorylation of serine residues (Ser-Pro) in HSF-1 by the MAPK PMK-1 contributed to the elevated expression of chaperone genes in C. elegans wild-type (e.g., cct genes). Concerning the upregulated chaperone genes (Table 3) , we detected a few DAF-16 target genes (Murphy et al. 2003) (hsp-12.3, hsp-12.6, hsp-16.2, hsp-16.41) . Another wellknown target gene of DAF-16, sod-3, was also upregulated in pmk-1Δ (log2-fold change, 1.58; data not shown). The upregulated expression of the small chaperones indicates an elevated nuclear translocation of DAF-16, the transcription factor of the DAF-2 pathway, in pmk-1Δ. This fits to the rather high identity of DAF-16 target genes and DEGs from pmk-1Δ heat /WT heat (maximally 38.8 %), with these DEGs mostly upregulated in pmk-1Δ (Table 2 ). The compensatory increase in DAF-16-regulated gene expression in pmk-1Δ may be due to the missing phosphorylation target (PMK-1) of SEK-1, with the consequence of a redirection of SEK-1 kinase activity towards DAF-2 signaling resulting in the promotion of DAF-16 nuclear translocation (see above). However, the markedly higher heat tolerance of daf-2Δ than pmk-1Δ (Fig. 1) shows that such a mechanism may improve the heat tolerance of pmk-1Δ but does not suffice to compensate for the loss of normal hsp, dnj, and cct expression levels (Fig. 7) resulting in a lower heat tolerance of pmk-1Δ in comparison to WT.
A functional (KOG) classification of DEGs (Fig. 6 ) as well as a gene-GO term enrichment analysis (Table 4) also revealed a significant enrichment of downregulated DEGs in the categories translation/protein biosynthesis and proteasomal degradation aside from downregulated DEGs in other categories related to DNA or RNA function, cell cycle control, intracellular trafficking, or chaperones. This downregulation must originate from strain (pmk-1Δ) properties and not from heat stress, even if heat stress has promoted the effect. Accordingly, PMK-1 seems to exert positive influence on the expression of genes for protein biosynthesis and proteasomal subunits. Actually, there is a recent report (Cully et al. 2010) showing in both mammals and Drosophila that p38 is a positive regulator of the target of rapamycin (TOR) complex 1 (TORC1), which regulates protein biosynthesis and growth and promotes, in addition, the necessary gene expressions. In addition to a possible TORC1 activation, DAF-16 recruitment to the nucleus is evidently higher in pmk-1Δ and lower in WT (see above). Since nuclear DAF-16 inhibits the expression of daf-15, which codes for C. elegans raptor, an important protein of the TOR complex (Jia et al. 2004 ), DAF-2 signaling could also contribute to the reduced expression of genes for protein biosynthesis in pmk-1Δ. The degradation of damaged or aggregated proteins is mediated by 26S proteasomes, and the high share of downregulated proteasomal genes in pmk-1Δ indicates a connection between these genes and PMK-1, which may be based on an SKN-1-dependent control of proteasomal gene expression (Kahn et al. 2008) . Anyway, the downregulation of proteasomal genes additionally impedes the heat tolerance of pmk-1Δ by a reduced degradation of damaged proteins.
